Abstract Plants overcome the effect of Na ? toxicity either by excluding Na ? at the plasma membrane or by sequestering them into the vacuoles. Influx of Na ? ions into the plant vacuoles is usually driven by H ? generated by vacuolar-type H ? -ATPase as well as vacuolar proton pyrophosphatse (VPPase). In the present study, we have developed Bacopa monnieri transgenics via Agrobacterium tumefaciens containing the recombinant vector pCAMBIA2300-SbVPPase gene. Transformants were produced using nodal explants. Transformants were confirmed by PCR and DNA blot analysis. qPCR analysis showed higher transcript levels of SbVPPase compared to untransformed control (UC). Higher VPPase activity was recorded in transgenics compared to UC. Under 150 mM salt stress, transgenic shoots showed enhanced Na ? accumulation with better biomass production, increased glycine betaine content, and total soluble sugar levels than UC. Transgenic shoots showed 2.9-3.8-folds lower levels of malondialdehyde content indicating lesser membrane damage. Increase in antioxidant enzyme activities (1.4-3.2-folds) was observed in transgenics compared to UC. Transgenics also displayed 7.3-9.0-folds enhanced accumulation of the medicinally important compound bacoside A. Increased biomass production, accumulation of Na ? , osmolytes (glycine betaine, sugars etc.), and elevated antioxidant enzyme activities indicate better osmotic adjustment in transgenics by compartmentalization of Na ? into the vacuoles under salt stress conditions. Thus, overexpression of SbVPPase in Bacopa alleviated salt stress by sequestering Na ? .
Introduction
Ever increasing soil and water salinity stress results in reduced crop productivity. During NaCl stress, ion imbalance occurs in cytosol with increased Na ? accumulation and decreased levels of Ca 2? , K ? , and Mg 2? (Aleman et al. 2011) . Vacuolar H ? -pyrophosphatase (VPPase), a unique electrogenic proton pump uses pyrophosphate (PPi) as a cheap source of substrate and acidifies vacuoles in plant cells (Maeshima 2000) . During salt stress, proton flux across the vacuolar membrane is maintained by VPPase along with vacuolar H ? ATPase (VATPase). Besides salt stress, nutrient deficiency also increases both PPi hydrolysis and PPi-dependent proton pump in plants. Under salt stress, increased transcript levels of vacuolar H ? -PPase was observed in Suaeda salsa, Atriplex halimus, and barley (Fukuda et al. 2004; Guo et al. 2006; Khedr et al. 2011) . Tobacco overexpressing Thellungiella halophila VPPase (TsVP) displayed salt tolerance along with the accumulation of Na ? (Gao et al. 2006) . Similarly, transgenic cotton overexpressing Arabidopsis vacuolar proton pyrophosphatase AVP1, also displayed enhanced tolerance to salt with accumulation of Na ? (Pasapula et al. 2011) . Overexpression of AVP1, ScVP, and KfVP1 genes in Arabidopsis thaliana showed salt tolerance due to tonoplast ion transport (Gaxiola et al. 2001; Liu et al. 2011; Yao et al. 2012) . Overexpression of OsVP1 and OsNHX1 increased tolerance to salt and drought in rice (Liu et al. 2010) . Gaxiola et al. (2012) discussed at length about the use of transgenic plants harboring vacuolar H ? -PPase under phosphorous-deficient soils. Overexpression of SbVPPase in finger millet displayed enhanced salt stress tolerance and increased activity of antioxidative enzymes (Anjaneyulu et al. 2014) .
Bacopa monnieri (L.) Pennell is a popular neurotonic herb, commonly called as Brahmi. It is a small, common, amphibious plant growing in marshy areas throughout the Indian subcontinent and widely distributed in warmer regions of America and Australia. It has been reported to have the memory-enhancing effects due to the presence of tripterpenoid saponins bacoside A and bacoside B which act as cholinergic system (Nathan et al. 2001; Deepak and Amit 2004) . With increasing concentration of NaCl, considerable decrease in fresh and dry weights was observed in Bacopa (Ahire et al. 2013) . So far, meager information is available on genetic transformation for any specific trait in B. monnieri.
In the present study, we report the development of salt tolerant transgenic B. monnieri by Agrobacterium-mediated genetic transformation using SbVPPase gene. Molecular characterization, growth responses, biochemical, and physiological analysis confirm that overexpression of SbVPPase improves salt tolerance in transgenic B. monnieri when compared to untransformed controls (UC).
Materials and methods

Genetic transformation and selection of the transformants
The nodal explants obtained from in vitro cultures were used for the transformation studies (Ahire et al. 2012) . A. tumefaciens strain LBA4404 harboring binary vector pCAMBIA2300-SbVPPase (NCBI accession no. GQ469975) under the control of CaMV35S promoter and NOS PolyA terminator with nptII as selection marker was used for transformation (Fig. 1) . The Agrobacterium strain was grown in 100 ml of yeast extract, mannitol (YEM) medium supplemented with 50 mg/l kanamycin at 28°C. The overnight grown bacterial culture was pelleted and resuspended in 100 ml MS medium supplemented with 100 mg/l acetosyringone and used for transformation.
The nodal explants were swirled in Agrobacterium culture for 10-15 min and transferred onto the co-cultivation medium (MS with 1 mg/l BA ? 100 mg/l acetosyringone). After co-cultivation in dark for 2 days, the nodal explants were washed thoroughly with MS basal medium containing 250 mg/l cefotaxime and transferred onto the selection medium (MS with 1 mg/l BA, 100 mg/l kanamycin, 500 mg/l cefotaxime). Explants were subcultured once in every 15-day for 2 months. The putative transgenics were transferred onto rooting medium (MS medium with 0.2 mg/l a-naphthaleneacetic acid (NAA), 100 mg/l kanamycin and 250 mg/l cefotaxime. Independent putative transgenics were transferred to plastic containers containing autoclaved garden soil and sand in equal ratio. After 3 weeks of acclimatization, plantlets were transferred to the earthen pots containing garden soil and maintained in the glasshouse (25 ± 2°C temperature; 80 ± 10% humidity; 200 lmol m -2 s -1 light intensity). All the putative transgenics were watered three times a day with tap water.
Molecular characterization of the transformants
Genomic DNA was isolated from putative transgenics and UC (Doyle and Doyle 1990) . Transgene integration was confirmed by PCR using gene specific primers. The PCR reaction was set to 12.5 ll with 0.5 ll DNA, 2. -DDCT method was used to calculate the relative quantities of each transcript in the samples (Schmittgen and Livak 2008) .
Assay of inorganic phosphate
Free Pi liberated from PPi was measured as described by Ames (1966) . The free phosphate liberated by the enzyme resulting in a colorimetric product, was measured at 820 nm, proportional to the enzyme activity present. VPPase activity was defined as nmol/mg protein/min.
Evaluation of transgenic shoots under NaCl stress
For evaluation to salt tolerance, transgenics and UC were treated with 150 mM NaCl in 50 ml liquid MS containing 1 mg/l BA in culture glass bottles for 28-days. About 3 shoots (5 nodes each; viz. total 15 nodes/bottle) of transgenics and UC were inoculated per culture and evaluated after 28-days.
Growth analysis
Morphological observations were recorded for number of shoots per culture, shoot length (cm), fresh weight (FW), and dry weight (DW).
Determination of ion content
Na
? and K ? contents were analyzed in the transgenics along with UC treated with 150 mM NaCl. Dried shoot biomass was ground to powder and 200 mg powder from each treatment was acid digested in 35% (v/v) HNO 3 at 100°C for 30 min. Na ? and K ? ions were measured by atomic absorption spectrophotometer (Lokhande et al. 2011 ).
Determination of lipid peroxidation and osmolyte content
For determination of lipid peroxidation and osmolyte content, freshly harvested shoot biomass was taken. Lipid peroxidation, total soluble sugars (TSS), and glycine betaine content were measured as described by Lokhande et al. (2011) . Proline was estimated according to Bates et al. (1973) .
Determination of antioxidant enzyme activities
NaCl treated transgenic and UC shoots (500 mg) were homogenized in 5 ml of ice cold 50 mM sodium phosphate buffer (pH 7.0) containing 0.1 mM EDTA and 1% (w/v) polyvinylpyrrolidone using chilled mortar and pestle. Homogenate was centrifuged at 10,000 g for 20 min at 4°C. The supernatant was used as a crude enzyme(s) for determination of antioxidant enzyme activities. Soluble protein content in the enzyme extract was determined according to Lowry et al. (1951) . Superoxide dismutase (SOD) enzyme (EC 1.15.1.1) activity was assayed according to Becana et al. (1986) by inhibition of the photochemical reduction of nitroblue tetrazolium. Catalase (CAT) enzyme (EC 1.11.1.6) activity was measured by following the decomposition of hydrogen peroxide (H 2 O 2 ) as described by Cakmak and Marschner (1992) with minor modifications (Lokhande et al. 2011) . Ascorbate peroxidase (APX) enzyme (EC 1.11.1.11) activity was determined according to Nakano and Asada (1981) and as described by Lokhande et al. (2011) . Guaiacol peroxidase (GPX) enzyme (EC 1.11.1.7) activity was assayed according to Hemeda and Klein (1990) with minor modifications to the protocol developed by Ghane et al. (2012) .
Estimation of bacoside A
The terpenoid saponin bacoside A was extracted from 1 g of powder samples as per Watoo et al. (2007) with some modifications as described by Parale et al. (2010) . HPTLC analysis (CAMAG, Switzerland) was performed on 10 9 10 cm aluminum foil plates coated with 200 lm layer of silica gel 60F254 (E. Merck, Germany). The standard (Bacoside A; Natural Remedies, Bangalore, India) and samples were loaded with Linomat 5 semiautomatic applicator as bands of 8 mm width. The plates were developed in toluene:ethyl acetate:methanol:glacial acetic acid (4:3:3:1 v/v). The plates were then derivatized in 5% methanolic sulphuric acid followed by drying in an oven for 5 min at 100°C followed by scanning using CAMAG TLC scanner III at 500 nm. Bacoside A content was quantified by comparing the sample peak area with standard peak area.
Data analysis
A completely randomized design (CRD) was used in all the experiments. All the experiments were repeated at least thrice with ten replicates, unless otherwise mentioned. The data were subjected to analysis of variance (ANOVA) followed by Duncan's multiple range tests (DMRT) at P B 5%. The graphs were plotted using GraphPad software V6.01 Version (http://www.graphpad.com/scientific-soft ware/prism).
Results
Plant transformation and selection of transformants
Nodal explants obtained from in vitro regenerated shoots were used for transformation. Putative transgenics were obtained on the selection medium after co-cultivation in dark for 2-days. Regeneration frequency in the UC (Fig. 2a) was 100%, but the UC did not survive after 3rd cycle on selection medium (Fig. 2b) . Out of 500 nodal explants used for transformation, 378 explants survived after three cycles of selection (Fig. 2c, d ) with 75.6% transformation efficiency. Putative transgenic shoots obtained were transferred to selection medium for elongation, growth, and maintenance (Fig. 2e) . Well-elongated shoots (5 shoots each from randomly selected 2 events) were transferred to rooting medium. Hundred percent rooting of the shoots was observed on rooting medium (Fig. 2f) and well rooted putative transgenics were transferred to plastic containers for hardening (Fig. 2g) . After 3 weeks of acclimatization, the plantlets were transferred to the earthen pots and maintained in the glass house (Fig. 2h ).
Molecular characterization of transformants
Putative transgenics were confirmed for the presence of transgene by PCR using gene specific primers. Putative transgenics and plasmid DNA showed the presence of 1555 bp amplicon, which was not observed in UC (Fig. 3) . Transgene integration was confirmed by DNA blot, which showed a distinct hybridizable band in transgenics, but absent in UC (Fig. 4) .
Transcript profiling of SbVPPase in different transgenics
The expression of SbVPPase is higher in T 1 (with RQ 23703.3) followed by T 2 (with RQ 2142.7). Transcript levels were normalized relative to 18s rRNA (Table 1) .
Estimation of VPPase
Higher VPPase activity has been recorded in transgenic T 1 (0.328 nmol/mg protein/min) when compared with UC (0.138 nmol/mg protein/min).
Evaluation of transgenics under NaCl stress
After 28-days of 150 mM NaCl stress, transgenics were evaluated for growth, ion analysis, biochemical, antioxidant enzyme activities, and bacoside A content.
Effect of NaCl stress on growth
Significant differences were observed between UC and transgenic shoots when exposed to 150 mM NaCl stress. The shoot number per culture, shoot length, and biomass production was reduced in UC, compared to transgenic lines (Table 2) . After 28-days of salt stress, all the transgenic lines exhibited better growth in terms of plant height compared to UC. Shoots of all the transgenics were comparably greener and healthier. T 1 plants exhibited 80.14 ± 4.07 shoots per culture with 7.25 ± 0.65 g of biomass. Shoot length, FW of shoots, and DW among the transgenic lines did not show significant differences compared to UC (Table 2 ).
Ion analysis under salt stress
Under salt stress, all the transgenic lines accumulated 1.7-2.2-folds more Na ? than UC (Fig. 5a ). T 1 transgenic line accumulated 2.26-folds more Na ? than UC. Similarly, under stress, both the transgenic lines accumulated 1.3-1.6-folds of K ? in comparison with UC. T 1 transgenic line accumulated 1.63-folds more K ? than UC (Fig. 5b) . Devoid of stress, no significant difference in accumulation of Na ? and K ? was noticed between transgenics and UC (Fig. 5) .
Effect of NaCl stress on lipid peroxidation
After 28-days of salt stress, UC accumulated about 2.9-3.8-folds more malondialdehyde (MDA) content compared to transgenics. Transgenic line T 1 showed lower MDA content (Fig. 6) . These results indicated that the expression of SbVPPase effectively reduced lipid peroxidation caused due to salt stress.
Osmolyte accumulation under NaCl stress
Upon stress imposition, accumulation of proline remained low in the transgenic lines as compared to the UC (Fig. 7a) .
On the contrary, glycine betaine content in transgenic lines significantly increased in comparison with the UC (Fig. 7b) . Glycine betaine content was about 1.3-times more in transgenics than in UC (Fig. 7B) . Similarly, TSS content increased in transgenics and it was 1.5-1.8-times higher in comparison with UC (Fig. 7c) . Devoid of stress, no significant differences in the accumulation of osmolytes were observed in transgenics and UC. 
Effect of NaCl stress on antioxidant enzyme activities
Under salt stress, UC showed lower SOD activity than the transgenic lines. Its activity was enhanced by 1.4-1.5-folds in the shoots of transgenics (Fig. 8a) . CAT activity was upregulated by 2.4-folds in transgenics (Fig. 8b) . Transgenic lines exhibited 3-3.2-folds higher APX activity than the UC (Fig. 8c) . Similarly, GPX activity increased by 1.7-1.8-folds in transgenics (Fig. 8d) . However, no significant differences were detected in transgenics and UC devoid of any stress.
Accumulation of bacoside A, a secondary plant product of medicinal importance under salt stress Accumulation of medicinally important metabolite bacoside A was 7.3-9-folds higher in transgenic shoots when compared to UC (Fig. 9) . 
Discussion
In the present study, Bacopa transgenics were developed using pCAMBIA 2300-SbVPPase (Fig. 1) . Our transformation results (Fig. 2) corroborate with earlier findings observed by Nisha et al. (2003) . Transgene integration (Figs. 3, 4) into the host plant appears to mitigate the salt stress by sequestering the Na ? into the vacuoles. Enhanced transcript levels were observed in transgenics when compared to UC (Table 1) . Accordingly, transgenic line showed higher VPPase activity than UC similar to the earlier findings carried out by Darley et al. (1995) . Plants when subjected to salinity stress, showed reduced biomass along with the reduced photosynthetic activity. Bacopa transgenics exhibited increase in FW, DW, shoot number, shoot length and better biomass than the UC under 150 mM NaCl stress (Table 2) . Similar to SbVPPase, AVP1 overexpression in Arabidopsis plays an important role in the root development with increase in size and number of rosette leaves (Li et al. 2005) . Likewise, Sulian et al. (2008) reported enhanced growth of cotton by overexpressing TsVP. Anjaneyulu et al. (2014) reported leaf expansion, reduction (50-70%) in relative water content (RWC), plant height, finger length and width, and grain weight in UC compared with transgenics overexpressing SbVPPase.
Na ? accumulation increased in the shoots of transgenic lines over the UC under salt stress (Fig. 5a ). Upon exposure to salt stress, K ? levels decreased in transgenics and UC when compared with the corresponding untreated plants. But, K ? levels increased in transgenics in comparison with UC in presence of NaCl stress (Fig. 5b) . Na ? ion compartmentation driven by vacuolar Na ? /H ? antiporter in concert with VPPase prevents Na ? toxicity and Na
? is also used as osmolyte in the vacuole, which alleviates osmotic stress . Bonales-Alatorre et al. (2013) pointed out that Na ? also gets sequestered into the vacuoles by the activity of slow (SV) and fast (FV) tonoplast voltage gated channels. Pasapula et al. (2011) also pointed out that accumulation of Na ? in vacuoles instead of cytoplasm prevents the toxic effects of excessive Na ? in cytoplasm. Gaxiola et al. (2001) Adem et al. (2015) pointed out that plant breeder should incorporate the trait of Na ? and K ? ion sequestration into the vacuoles of crop plants for better salt stress tolerance.
MDA content was less in transgenic shoots of Bacopa than in UC under salt stress conditions (Fig. 6 ). These results demonstrate that transgenics were subjected to less damage under salt stress. Similarly, reduced MDA content was observed in finger millet transgenics overexpressing SbVPPase (Anjaneyulu et al. 2014) . The correlation between higher Na ? and less membrane damage as evidenced by MDA levels in transgenic Bacopa shoots supports the view that the overexpression of SbVPPase can enhance the accumulation of Na ? in vacuoles and maintain ion homeostasis. Salt stress results in the accumulation of Na ? which inturn increase the reactive oxygen species (ROS) leading to oxidative stress. ROS can alter the cellular metabolism and damage the nucleic acids, proteins, and lipids through oxidative stress (Imlay 2003) . Plants overcome the oxidative stress by accumulation of osmolytes and effective antioxidative enzyme activities. Proline content in the transgenic shoots was low compared to UC (Fig. 7a) . But, the content of glycine betaine, an important osmolyte was enhanced alongside total sugars (Fig. 7b, c) . Thus, it appears that Bacopa may not accumulate proline under salt stress, but accumulates glycine betaine and sugars as osmotic agents. Glycine betaine can help to scavenge the ROS in many plants (Chen and Murata 2011) . In addition to Na ? and K ? as inorganic osmotica, plants accumulate organic osmotica like glycine betaine and sugars under salt stress conditions. Bacopa accumulates glycine betaine as an osmoprotectant. Glycine betaine scavenges ROS and increases antioxidative enzyme activities under stress conditions in plants (Islam et al. 2009; Shams et al. 2016) . Transgenic Bacopa plants perhaps use glycine betaine as an osmoprotectant to enhance antioxidative enzyme activities. Plants contain various K ? permeable ROS-activated cation channels as pointed out by many studies (Demidchik et al. 2003; Zepeda-Jazo et al. 2011; Velarde-Buendía et al. 2012) . Such channels once activated cause K ? leakage from the cytosol under stress (Shabala 2017 in the cell. Accumulation of higher K ? in Bacopa transgenics could be because of better accumulation of sugars. Bacopa transgenics showed increased antioxidative enzyme activities when compared with UC shoots under 150 mM NaCl stress (Fig. 8) . SOD results (Fig. 8a ) corroborate with the transgenic finger millet overexpressing SbVPPase (Anjaneyulu et al. 2014) . Similarly, increased CAT activity (Fig. 8b ) was found at high NaCl concentration in B. monnieri (Ahire et al. 2013) . APX plays a crucial role in plant defense mechanism against oxidative stress and enhanced APX activity (Fig. 8c ) helps in the reduction of H 2 O 2 levels in Bacopa transgenics similar to finger millet plants (Anjaneyulu et al. 2014) . GPXs are one of the vital enzymes of the antioxidant network and are present in various cellular organelles. In transgenic Bacopa increased GPX activity (Fig. 8d) was also reported during salt stress treatment similar to maize and sunflower seedlings (Rios-Gonzales et al. 2002; Ahire et al. 2013 ).
Sequestration of Na
? ions into vacuoles is vital since these ions interfere with normal physiology and reduce the biochemical activities in the cells (Maathuis 2014) . Their sequestration into vacuoles on the other hand can help the plants to reduce Na ? toxicity and in turn improve the antioxidative enzyme activities.
Salt stress effects the overall growth of plants due to enhanced accumulation of Na ? ions, but a positive effect of salt stress has been noticed on secondary metabolite accumulation in few medicinal plants (Ahire et al. 2013) . Salt stress increases the accumulation of secondary metabolites in the callus cultures of soybean (Radhakrishnan et al. 2012) . In the present study enhanced accumulation of bacoside A content (Fig. 9) was noticed under the salt stress which corroborates with the earlier findings of Ahire et al. (2013 Ahire et al. ( , 2014 .
In conclusion, transgenic Bacopa overexpressing SbVPPase showed increased biomass, higher VPPase activity, higher Na ? ion accumulation, osmolyte concentration, enhanced antioxidant enzyme activities and lesser lipid peroxidation. Transgenic Bacopa overexpressing SbVPPase has been found to overcome salt stress by sequestering Na ? ions into the vacuoles. At the same time, transgenic Bacopa plants are able to accumulate higher content of saponin bacoside A, an important medicinal compound under stress.
